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ABSTRACT 

The search for ^ Ue oscillations by the MiniBooNE Collaboration at Fermi- 
lab has revealed a low-energy signal which could be due either to electrons pro¬ 
duced by z/e or photons produced by the interaction of the weak neutral current 
on the target nucleus. One contribution to the latter is a Wess-Zuniino-Witten 
anomaly leading to a term in the Lagrangian proportional to 
This term is normalized with the help of the known rates for the processes 
/i —p 7 and r —?■ z/^-ai. A rate of about 1/4 of that employed in several previ¬ 
ous estimates is obtained. As the anomaly term had already been found to play 
a subdominant role in photon production (e.g., in comparison with A excitation 
and decay), the present estimate reduces its strength even further. 

PACS codes: 12.15.Mm, 13.15.+g, 13.35.Dx, 14.60.Lm 


I INTRODUCTION 

The search for oscillations by the MiniBooNE Collaboration at Fermilab [T] has 

revealed a low-energy signal which could be due either to electrons produced by v^. or 
photons produced by the coherent interaction of the weak neutral current on the target 
nucleus nn. One proposed source of the latter is an interaction between the Z, uj meson, 
and photon [5] due to a Wess-Zumino-Witten anomaly [BHH], whose strength has been 
calculated in Refs. [9Hn]. It was concluded in Ref. [T2l[T3] that the anomaly contribution 
was not enough to account for a photon signal. Although neutral-current nucleon excitation 
followed by photon emission was originally suggested as a source of the signal, it was found 
insufficient as well in Refs. [HHTO]. A comprehensive review of neutrino-induced quasi¬ 
elastic scattering and single photon production is given in a workshop summary |20] . 

The imminent operation of the MicroBooNE Experiment at Fermilab [21] will be able to 
distinguish final-state photons from electrons. Hence it is timely to present an independent 
estimate of the strength of the anomaly-mediated interaction. In this paper we perform 
such an estimate based on dominance of the Z-w-y interaction by the oi pole in the neutral 
current. The Oi decay constant is obtained from the observed rate for r —?■ oiz/,-, while the 
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Figure 1: Processes sensitive to WZW anomalies: (a) Coherent reaction vA v"fA on 
a nucleus of atomic number A ; (b) Induced /i 7 p decay; (3) Coherent Ki —)■ Ks 
regeneration on a nucleus of atomic number A. 

Oi-cu-y coupling is obtained from the observed decay rate for /i —)■ yp, which involves a 
coupling constant identical to if /i contains only nonstrange quarks. This interaction 
was overlooked in an otherwise successful description of light meson radiative decays based 
on the quark model [2^123] . 

In Sec.ini we review the consequence for the MiniBooNE experiment of the assumed Z- 
u-'j interaction. We then (Sec. Illlj) derive the consequence of assuming oi dominance of the 
weak neutral current. The oi decay constant which arises in this derivation is evaluated 
with the help of the rate for r —)■ aiUr in Sec. HVl while the decay rate for fi — )■ ■yp is 
employed to evaluate the oi-cu-y coupling in Sec. |Vl Section IVj contains predictions for 
the rates for a? ojy and oi -y py (all charge states). We sum up in Sec. IVIII 

II NEW INTERACTION AND MINIBOONE 

The MiniBooNE experiment [1] at Fermilab was conceived to check a signal for —)■ 

oscillation observed at the LSND detector [23] operating at Los Alamos National Labora¬ 
tory. The oscillation signature would be the appearance of electrons. Initially signals were 
restricted to an electromagnetic energy deposit greater than 475 MeV. An excess of events 
below this cutoff was observed, attributable either to electrons or to photons. 

A possible source of photons in this experiment was identihed by J. A. Harvey, C. T. 
Hill, and R. J. Hill [1]. A Wess-Zumino-Witten anomaly mm gives rise to a term 

ic = . ( 1 ) 

dSvT"' COS 

Here A^^c = 3 is the number of quark colors, e = \/47ra = 0.3028 is the proton charge, g^j is 
a coupling constant of the cj meson to baryon number whose value needs to be specihed, g 2 
is the electroweak SU(2) coupling constant, is the electroweak mixing angle, and 
is the photon held-strength tensor. The contribution of this term to the coherent process 
vA i^yA, where A denotes a nucleus of atomic number A, is illustrated in Fig. 1(a). The 
induced decay /i -y- yp is shown in Fig. 1(b), while a related WZW anomaly [HllT] leads to 
a KKoj coupling responsible for ^ Ks coherent regeneration [Fig. 1(c)] [2^126] . 


2 

















Table I; Coupling constants of f f to the Z. Here xw = sin^ 9w 


// pair 


ttL 

CtR 

vv 


1 

4 

0 

ll 

1 

{-\ + xw) 

^Xw 


1 


1(2 \ 

uu 

2 

(2 - 


dd 

b 

± \xw) 

2 (3^'^) 


The term ([T]) leads to a cross section per nucleon N in the zero-recoil limit [2113]: 

a(uN ^ ujN) = = 2.6 x El{GeY){gJlQ.QYcm^ . (2) 

in the limit of Ey below a few hundred MeV. The E^ behavior can only be valid below 
threshold for nucleon excitation; contributions of Compton-like scattering and A excitation 
are more important in this regime [T2l[T3] . (For Ey ~ 20 GeV, upper limits on neutral- 
current photon production contradict ([2|) [27|.) For production on a nucleus of atomic 
number A, the right-hand side of Eq. ([2|) is to be multiplied by a factor less than A [12] . 

Ref. [3] quoted considerable uncertainty in the value of but noted that the nominal 
value g^j = 10 agreed roughly with the MiniBooNE signal interpreted as photons. This was 
found [T21[l3] to be an overestimate, as a result of form factor and recoil effects, with A 
excitation and decay providing a dominant photon source, but the nominal value g^j = 10 
was retained. Corrections for efficiency [muH] further reduced the expected signal. We 
shall use oi dominance of the weak neutral current to hnd an independent extimate of g^j, 
Ending a value close to 7. This strengthens the conclusions of Refs. [9HI511IM9] that if 
the MiniBooNE signal is indeed found to be photons, the WZW anomaly is unlikely to be 
their dominant source. 


Ill ai DOMINANCE OF NEUTRAL CURRENT 

In the contribution ([1]) to the Lagrangian, the weak nentral current carried by the Z may 
be viewed as dominated by the ai(1260) meson. The matrix element between Z and Oi 
may be written as rriafai where [2B] ma = 1230 ±40 MeV and the neutral Oi decay constant 
is to be determined. The interaction between a Z and a fermion-antifermion pair // is 

CZff = - 7j)oi + (1 + 75)aR]/ , (3) 

COS 9w 

where the coupling constants and are listed in Table IB 
The axial vector coupling is then 

= -^hn,uj!,Z‘‘(aK - at)/ , (4) 

■' ■' COS Ow 

where ^ ^ 

{ttR-aL)iuu) =, {qr- aL){dd) = - . ( 5 ) 
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The quark content of Oi is {dd — uu) /\/2, so the Z-a\ coupling may be written as 


9Zai° — 


92fama 


2\/2 cos 9w 

Assuming oi dominance of the weak neutral current, Eq. o then may be written as 


(6) 


6C = 


fa 




2y/2ma 

Equating coefficients of equal terms in Eqs. ([T]) and ([7]) and taking = 3, we find 

e9uj rua 


Qauj'y 


4\/27r2 fa 


(7) 


( 8 ) 


We shall evaluate fa in the next Section. 


IV EVALUATION OF fa, 


The decays t~ —)■ and t~ —)■ are described by simple expressions involving 

the pion and rho decay constants, respectively (see, e.g.. Ref. [29].) The corresponding 
expression for the decay t~ —)■ a^z^r, in terms of the decay constant fa linking the Z and 
the neutral oi, is 


r(r ^ 0 ;^ Ut) 


G^mlf^ 


Stt 





(9) 


The Particle data Group does not give a branching fraction for this decay. However, 
assuming that the quoted branching fractions [2H] 


B{t —)■ tt TT^TT^i/,-) = (9.30 ± 0.11)% , B{t — tt 7r’''7r z/t-) = (8.99 ± 0.06)% (10) 


are dominated by the Oi, one obtains B{t —?■ ai z/^) = (18.29 ± 0.13)%. Using the values 
Gf = 1.16638 X 10-5 GeV-2, = 1776.82 ± 0.16 MeV, \Vud\ = 0.97425 ± 0.00022, 
rUa = 1230 ± 40 MeV, and Tr = 290.3 ± 0.5 fs quoted in [28], we find a decay constant 
fa = (164.6 ± 7.3) MeV, where the error is dominated by uncertainty in m^. In our 
convention fa refers to the neutral current, whereas most authors quote a value which in our 
notation would be y/2fa. Our value is consistent with several others obtained theoretically 
or extracted from data [aniiai]. The resulting decay constant may now be used in Eq. ([H]) 
to obtain the result gauj'y = (0.0405 ± 0.0005)^^^. 


V EVALUATION OF Qau^ USING /i ^ -fp RATE 

The coupling constants Qouj-y and both involve the isovector photon coupling to an 
isovector and isosinglet, and are equal by U(3) symmetry as long as fi contains no strange 
quarks: gfp^ = gawy The rate for /i —)■ yp is given (see also Appendix G of Ref. [H]) by 

r(/i ^ IP) = (l + ^) = (26-6 ± 0.7)9^ keV . (11) 

Ott m2 mj ) 
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where we have used nip = (775.25 ± 0.25) MeV, nij = (1281.9 ± 0.5) MeV, and = 
{mj — m‘^)/{2mf) = (406.5 ± 0.4) MeV. The hrst and second terms in large parentheses 
correspond to longitudinal and transverse p polarizations, respectively, so longitudinal p 
polarization is dominant [22l|33], in contradiction to the result found in Ref. [32] . 

The experimental partial width for /i —)■ yp is the product of the total fi width and 
the corresponding branching fraction |28j : 

r(/i ^ 7 P) = r(/i)i3(/i ^ py) = (24.2 ± 1.1) MeV)(0.055 ± 0.013) = (1.33 ± 0.32) MeV . 

( 12 ) 

When combined with Eq. fllip this yields = 7.07 ± 0.86, where the error is dominated 
by the experimental error in Eq. flT^ . This value is lower than the nominal one of 10 
taken in and leads to an anomaly contribution only about 1/4 of that previously 

estimated, thanks to the quartic power of in Eq. ([2]). 

The systematic errors that we are able to identify tend to decrease by a modest 
amount. We have taken B{t to be as large as possible when ascribing all the 

Ottz/t- decays to oi. If B{t~ —?■ ai^r) is smaller, fa is smaller, the coefficient of is larger 
in Eq. ([8]), so g^ is smaller. We have also assumed the anomaly to fully account for the 
fi PI decay rate, whereas a small quark model contribution of 150 keV was predicted 
in Ref. [22]. It is not clear whether the decay amplitude for longitudinal p production 
predicted in Ref. [22] should be added coherently to that predicted here. 


VI RATES FOR o? ^ yuj AND ai 7p 


The decay /i —)■ yp is related by U(3) symmetry to the decays Oi ■yu and Oi —)■ yp: 


oL, = = gjp, = 0.082 ± 0 . 020 , 


(13) 


where we have used the experimental value flT2]) in the expression fITT]) for the /i -y yp 
rate. The corresponding formulae for the Oi radiative decay widths are 


r(a? ^ yen) = 


r(ai ^ yp) = 


jawy 7 



Ott rUp 


(14) 


(15) 


where the photon energies, predicted rates, and range of predicted branching fractions 
(using rtot(ai) = 250 to 600 MeV [28]) are shown in Table UTl We have used = (782.65± 
0.12) MeV. The expression (15) holds for all oi charge states. 

The branching fractions in Table [TTl are quite small because of the large oi total width. 
Nevertheless, it may be possible to see the decay af —)■ yp~ in the hnal state of t~ —)■ afUr- 
The subprocess —)■ yen may be observable through coherent photoproduction of a? on a 
heavy nucleus a = A: yA -y a^A -y- 'k^ti~'k^A, proceeding via cn exchange. 


VII SUMMARY 

A neutral-current interaction based on the Z-u-y interaction depicted in Fig. 1(a) is pre¬ 
dicted [1] on the basis of a Wess-Zumino-Witten anomaly PIT]. This interaction is cali¬ 
brated with the help of the decay r —)■ oiz/. It leads to a prediction for the low-energy signal 
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Table II; Photon energies, predicted decay rates, and range of predicted branching fractions 
for the decays oi —)■ yea and oi —)■ yp. 


Final state / 

(MeV) 

T/ 



366 

(0.98 ± 0.24) MeV 

(1.2-4.9)xl0-=^ 

yp 

371 

(115 ±28) keV 

(1.4-5.7)xl0-^ 


in the MiniBooNE experiment [T], if interpreted in terms of photons rather than electrons 
or positrons, which is abont a fonrth of that previonsly estimated, which already was be¬ 
low the needed magnitnde. (One proposed sonree of photons is the decay of a qnasi-sterile 
nentrino with mass between 40 and 80 MeV [341135] .1 

For the fntnre one looks forward to tests of the predicted rates for oi —)■ yo; and Oi —?■ yp, 
to a more precise estimate of /„, and to an experimental distinction between electrons or 
positrons and photons in the hnal state stndied by MiniBooNE. The MicroBooNE experi¬ 
ment [21], soon to begin operation at Fermilab, shonld resolve the qnestion. 

ACKNOWLEDGMENTS 

I thank S. Domokos, J. Harvey, R. Hill, S. Gninenko, M. Khlopov, P. Langacker, W. Lonis, 
W. A. Mann, L. A. Ruso, and A. Weinstein for helpfnl disenssions. This work was snpported 
in part by the U. S. Department of Energy nnder Grant No. DE-FG02-13ER41598 and in 
part by fnnds from the Physics Department of the University of Ghicago. 


References 

[1] A. A. Agnilar-Arevalo et al. (MiniBooNE Gollaboration), Phys. Rev. Lett. 98 , 231801 
(2007); 102 , 101802 (2009); 103 , 111801 (2009); 105 , 181801 (2010); 110 , 161801 
(2013). 

[2] S. S. Gershtein, Y. Y. Komachenko, and M. Y. Khlopov, Yad. Fiz. 33, 1597 (1981) 
[Sov. J. Nncl. Phys. 33, 860 (1981)]. 

[3] D. Rein and L. M. Sehgal, Phys. Lett. B 104 , 394 (1981) [Erratnm-ibid. B 106 , 513 
(1981)]. 

[4] J. A. Harvey, G. T. Hill, and R. J. Hill, Phys. Rev. Lett. 99, 261601 (2007); Phys. 
Rev. D 77 , 085017 (2008). 

[5] S. Domokos and J. A. Harvey, Phys. Rev. Lett. 99, 141602 (2007). 

[6] J. Wess and B. Znmino, Phys. Lett. B 37, 95 (1971). 

[7] E. Witten, Nncl. Phys. B 223 , 422 1983. 


6 







[8] For one discussion of the uj-Z-'y vertex which relates its strength to that for uj —)■ 7r°7 
see M. Harada, S. Matsuzaki and K. Yamawaki, Phys. Rev. D 84, 036010 (2011) 
[arXiv:1104.3286 [hep-ph]]. 

[9] J. Him and V. Sanz, J. High Energy Phys. 12 (2005) 030. 

[10] T. Sakai and S. Suginioto, Prog. Theor. Phys. 113, 843 (2005); ibid. 114, 1083 (2005). 

[11] S. Domokos, H. Grigoryan, and J. A. Harvey, Phys. Rev. D 80, 115018 (2009). 

[12] R. J. Hill, Phys. Rev. D 81, 013008 (2010) [arXiv:0905.0291 [hep-ph]]. 

[13] R. J. Hill, Phys. Rev. D 84, 017501 (2011) [arXiv:1002.4215 [hep-ph]]. 

[14] B. D. Serot and X. Zhang, Phys. Rev. C 86, 015501 (2012) [arXiv: 1206.3812 [nucl-th]]. 

[15] X. Zhang and B. D. Serot, Phys. Rev. C 86, 035502 (2012) [arXiv: 1206.6324 [nucl-th]]. 

[16] X. Zhang and B. D. Serot, Phys. Rev. C 86, 035504 (2012) [arXiv:1208.1553 [nucl-th]]. 

[17] X. Zhang and B. D. Serot, Phys. Lett. B 719, 409 (2013) [arXiv: 1210.3610 [nucl-th]]. 

[18] E. Wang, L. Alvarez-Ruso and J. Nieves, Phys. Rev. C 89, 015503 (2014) 
[arXiv:1311.2151 [nucl-th]]. 

[19] E. Wang, L. Alvarez-Ruso and J. Nieves, Phys. Lett. B 740, 16 (2015) [arXiv: 1407.6060 
[hep-ph]]. 

[20] G. T. Garvey, D. A. Harris, H. A. Tanaka, R. Tayloe and G. P. Zeller, arXiv: 1412.4294 
[hep-ex]; http: //www. int. Washington. edu/talks/int_13_54w/ 

[21] H. Chen et ai, FERMILAB-PROPOSAL-0974, 2007; www-microboone.fnal.gov 

[22] J. Babcock and J. L. Rosner, Phys. Rev. D 14, 1286 (1976). 

[23] J. L. Rosner, Phys. Rev. D 23, 1127 (1981). 

[24] A. Aguilar-Arevalo et al. (LSND Collaboration), Phys. Rev. D 64, 112007 (2001) 

I hep-ex/01040491. 

[25] N. Cabibbo, Phys. Lett. 22, 212 (1966). 

[26] J. Roehrig, A. Gsponer, W. R. Molzon, E. 1. Rosenberg, V. L. Telegdi, B. D. Winstein, 
H. G. E. Kobrak and R. E. Pitt et al., Phys. Rev. Lett. 38, 1116 (1977) [Erratum-ibid. 
39, 674 (1977)]. 

[27] C. T. Kullenberg et al. (NOMAD Collaboration), Phys. Lett. B 706, 268 (2012) 
[arXiv:1111.3713 [hep-ex]]. 

[28] K. Olive et al. (Particle Data Group), Chin. Phys. C 38, 090001 (2014). 

[29] J. L. Rosner, Phys. Rev. D 42, 3732 (1990). 


7 




[30] M. Wingate, T. A. DeGrand, S. Collins and U. M. Heller, Phys. Rev. Lett. 74 , 4596 
(1995) |hep-pli/9502274]. 

[31] R. Dhir and C. S. Kim, Phys. Rev. D 88, 034024 (2013) [arXiv:1307.0216 [hep-ph]]. 

[32] D. Coffman et al. (MARK-III Collaboration), Phys. Rev. D 41, 1410 (1990). 

[33] D. V. Amelin, E. B. Berdnikov, S. I. Bityukov, G. V. Borisov, V. A. Dorofeev, 
R. I. Dzhelyadin, Y. P. Gouz, Y. M. Ivanyushenkov, I. A. Kachaev, and A. N. 
Karyukhin, Z. Phys. C 66, 71 (1995). 

[34] S. N. Gninenko, Phys. Rev. Lett. 103 , 241802 (2009) [arXiv:0902.3802 [hep-ph]]. 

[35] S. N. Gninenko, Phys. Rev. D 83, 015015 (2011) [arXiv:1009.5536 [hep-ph]]. 


